Competing nonlinear optical effects are involved in the interaction of femtosecond laser pulses with transparent dielectrics: supercontinuum generation and multiphoton-induced bulk damage. We measured the threshold energy for supercontinuum generation and bulk damage in fused silica using numerical apertures (NAs) ranging from 0.01 to 0.65. The threshold for supercontinuum generation exhibits a minimum near 0.05 NA and increases quickly above 0.1 NA. For NAs greater than 0.25, we observe no supercontinuum generation. The extent of the blue broadening of the supercontinuum spectrum decreases significantly as the NA is increased from 0.01 to 0.08, showing that weak focusing is important for generating the broadest supercontinuum spectrum. Using a light-scattering technique to detect the onset of bulk damage, we confirmed bulk damage at all NAs studied. At a high NA, the damage threshold is well below the critical power for self-focusing.
INTRODUCTION
When femtosecond pulses are strongly focused into a transparent material, permanent damage can be produced in the bulk of the material via nonlinear absorption. [1] [2] [3] Although weakly focused femtosecond pulses can also produce bulk damage, 4 ,5 significantly more energy is required than under strong-focusing conditions and such pulses tend to generate a considerable amount of supercontinuum light. 6 The pulse's spectrum broadens considerably as it propagates, resulting in the formation of a broad flat pedestal on the blue side of the spectrum (blue broadening). 6, 7 The fact that otherwise identical laser pulses produce damage when strongly focused and generate a supercontinuum when weakly focused shows that the numerical aperture (NA) is a critical parameter that governs how femtosecond laser pulses interact with and propagate in transparent materials. In this paper we study how the focusing conditions affect bulk damage and supercontinuum generation by femtosecond laser pulses in fused silica. Laser-induced breakdown and supercontinuum generation have been studied extensively. [6] [7] [8] [9] The role of focusing conditions in the breakdown and supercontinuum generation in CO 2 gas and in water has been investigated with picosecond 10, 11 and femtosecond pulses. 12 The effect of the NA on femtosecond pulse propagation and supercontinuum generation has also been investigated in solids using numerical simulations 13, 14 and experimentally in fused silica. 9 The experimental work in fused silica, however, was limited to NAs ranging from 0.03 to 0.29 and identified the detection of radiation at 400 nm as the threshold for supercontinuum, as opposed to looking for the onset of blue broadening.
Here we report the results of a systematic study of the energy threshold for bulk damage and supercontinuum generation using femtosecond pulses in fused silica as a function of the NA of the external focusing optics. While femtosecond pulse-induced damage is an intensitydependent effect, self-focusing makes the unambiguous determination of the focused spot size within the bulk challenging, and hence we use the pulse energy as the fundamental quantity in this study, as it is the quantity over which the experimenter has direct control. Our results indicate that the interaction of femtosecond laser pulses with transparent materials falls into three regimes, depending on the NA. We find that bulk damage can be produced at all NAs investigated ͑0.1Ͻ NA Ͻ 0.65͒, but that supercontinuum generation does not occur at 0.25 NA or higher (the "high-NA regime"). In the range from 0.05 to 0.15 NA (the "medium-NA regime"), we observe the supercontinuum generation, but multiple shots show the accumulation of bulk damage, causing the supercontinuum to disappear. Finally, below 0.05 NA (the "low-NA regime"), it is possible to damage the bulk, but only at energies significantly above the threshold for the supercontinuum generation. The morphology of the damage is found to be different for high and low NA. For damage induced at low NAs, we observe multiple refocusing of the femtosecond laser pulse. We also show that the extent of the blue broadening in the supercontinuum diminishes with an increasing NA.
EXPERIMENTAL SETUP
The experiments were carried out using a multipassamplified Ti:sapphire laser operating at 1 kHz with a center wavelength of 800 nm, a 40 nm spectral width, a pulse duration of 60 fs, and pulse to pulse energy fluctuations below 2%. Amplification is required to reach the critical power for self-focusing (about 300 nJ for a 60 fs pulse 7, 15 ). Additionally, the low repetition rate of the laser allows the sample to be translated during irradiation so that each successive pulse hits an unexposed area.
All experiments were carried out on UV-grade fused silica samples (ESCO commercial quality Sl-UV; Ͻ5 waves/inch; 60-40 scratch-dig or better surface quality). For the experiments carried out at focusing conditions below 0.1 NA, we used 12 mm thick samples to ensure that all high-intensity propagation was confined to the bulk. At higher NAs we used thinner (1.0 and 3.0 mm) samples.
A schematic of the experimental setup is shown in Fig.  1 . Because the key parameter in this study is the focusing angle of the incident pulse, beam quality is of critical importance. We therefore spatially filtered the 6 mm unfocused beam exiting the laser system using an iris (I1) so that a small section (approximately 0.5 mm in diameter) of the beam of relatively uniform intensity passes through, diffracting into an Airy pattern in the far field. This mode propagates 3 m and is then expanded by a factor of 3 using a telescope (L1, L2). A second iris (I2) spatially filters the central spot of the Airy pattern. This central spot, which is nearly Gaussian, is imaged with a CCD camera to measure mode shape and spot size. A fraction of the transmitted beam, which has a 1 / e 2 diameter of about 7 -8 mm, is split off and focused onto a calibrated photodiode (PD) to monitor the energy of each pulse incident on the sample. The pulse energy can be varied continuously over a large range using a combination of a halfwaveplate (WP) and a Glan-laser polarizer (P), as well as a filter wheel (F1) that spans 3 OD (optical density) in 0.1 OD steps.
To focus at low NAs we used commercial BK7 and fused silica singlet lenses with focal lengths ranging from 300 mm to 50 mm. Using these lenses and a beam diameter of 7 -8 mm we obtained NAs between 0.01 and 0.08. Above 0.16 NA, the spherical aberration introduced by a singlet lens degrades diffraction-limited focusing, so we used microscope objectives to obtain diffraction-limited spots at NAs ranging from 0.10 to 0.65. We observe that the damage threshold plateaus or has a slight minimum with the focus at a depth of roughly two confocal parameters. Therefore, we choose two confocal parameters as the depth for consistent bulk damage threshold measurements.
The BK7 and fused silica singlet lenses do not introduce appreciable dispersion [approximately −160 ps km −1 nm −1 (Ref. 16 )], and therefore the pulse duration was minimized at the input of the focusing lens. The multiple elements and different glasses in high-NA microscope objectives, however, cause significant dispersion, and so the pulse must be prechirped to compensate for this dispersion. We therefore adjusted the grating pulse compressor to obtain the lowest energy damage threshold in the sample. The pulse width at the focus is then roughly equal to the shortest pulse duration measured in front of the objective.
17
A. Experimental Procedure-Supercontinuum Generation As the threshold for supercontinuum generation we use the energy required to broaden the pulse spectrum such that 720 nm radiation is just visible to the dark-adapted eye. The supercontinuum generated is passed through a Schott BG40 filter, which passes the visible and begins to cut on strongly around 600 nm, to block the intense 800 nm portion of the spectrum. We chose this criterion because 720 nm is near the long-wavelength edge of the asymmetric blue-broadening characteristic of supercontinuum generation. Once we determined the energy threshold for a given NA, we increased the pulse energy by 60% and 100% and recorded the resulting supercontinuum spectra. Because at some NAs damage occurs below the supercontinuum threshold, the sample is continuously translated at 20 mm/ s while spectra are collected, so that each pulse is incident on a fresh section of the sample. Figure 2 shows a typical supercontinuum spectrum. An important metric for evaluating the supercontinuum is the extent to which the spectrum has been blue broadened. The edge of the blue broadening is chosen as the Fig. 1 . Schematic of the setup used for damage and supercontinuum experiments. I1, I2, I3, iris; F1, F2, F3, neutral density filter wheels; WP, waveplate; P, polarizer; L1, L2, 3ϫ telescope; L3, 0.2 m focal lens; L4, sample focusing lens-objective (varied throughout experiment); PD, photodiode. All collection optics are UV-grade fused silica transparent down to 300 nm. Fig. 2 . Typical supercontinuum spectrum produced by a 60 fs, 480 nJ 800 nm laser pulse (1.6 times the supercontinuum threshold) focused at 0.025 NA. The value at the 800 nm peak is attenuated due to the spectrometer's limited dynamic range (typically, the pedestal is down by 100 to 500 times). The blue-broadening width is measured from the laser's center wavelength ͑800 nm͒ to the wavelength where the intensity of the supercontinuum spectrum is reduced to 10% of its plateau value.
wavelength where the intensity has dropped to 10% of the average intensity of the flat pedestal (dashed line in Fig.  2 ). The blue broadening is defined as the difference in photon energy between this edge and the 800 nm seed pulse, as indicated in Fig. 2 .
B. Experimental Procedure-Bulk Damage
We measured the damage threshold using a previously reported scattering technique. 18 A He-Ne probe laser beam propagates collinearly with the femtosecond laser pulse and reaches a focus at the same spot as the femtosecond laser. A beam block prevents the undisturbed He-Ne signal from reaching the detector. The damage threshold is determined by capturing the scattering of a He-Ne laser probe beam caused by material modification at the focal spot and recording it on a PD.
Contrary to the damage produced by longer pulses, femtosecond pulse-induced damage exhibits a sharp intensity threshold. 3, 19, 20 We observe that the measured value of this threshold (using the pulse energy as a metric) depends on the incident number of shots because both the size of the damage structure and the magnitude of the index change increase with each successive laser shot, and the scattering technique has a lower limit of sensitivity. We investigated this dependence by measuring the He-Ne scattered signal versus pulse energy at a number of NAs, for 1 to 10,000 incident pulses. The energy damage threshold ͑E th D ͒ decreases with an increasing number of pulses and plateaus as the number of pulses per spot increases to 5000 pulses (confirmed for NAs of 0.1, 0.25, 0.45, and 0.65). This measurement calibrates the scattering apparatus, and hence the damage threshold we report is for 5000-pulses. For these damage threshold measurements, the sample is stationary for the duration of a given 5000-pulse exposure, and then translated to a fresh region prior to continuing the experiment. Figure 3 shows how the extent of the blue broadening decreases with increasing NA. The data obtained at both 1.6 and 2.0 times the supercontinuum threshold energy ͑E th S ͒ show the same trend, emphasizing that weak focusing should be used to obtain the broadest supercontinuum spectrum. Around 0.05 NA the shape of the spectrum changes: at a lower NA the spectrum shows the characteristic blue-broadened pedestal seen in Fig. 2 ; at higher NAs the broadening is much more symmetric. Above 0.05 NA the supercontinuum generation also decreases when thousands of successive pulses are incident on the same spot, suggesting a slow buildup of damage. Above 0.1 NA, the damage threshold is lower than the supercontinuum generation threshold and plasma emission may contribute to the recorded spectrum 21 resulting in unreliable data for the blue broadening. Figure 4 shows how the energy thresholds for supercontinuum generation and bulk damage depend on the NA. Below 0.07 NA, the threshold for supercontinuum generation is roughly constant at 300 nJ. Above 0.07 NA, however, the threshold quickly increases, and by 0.25 NA, no supercontinuum is observed up to the highest pulse energy, 10 J, available.
RESULTS
The threshold power for the onset of supercontinuum generation is the same as the critical power for selffocusing in a wide range of transparent materials, 10, [22] [23] [24] supporting the hypothesis that supercontinuum generation is triggered by self-focusing. For the 60 fs pulse used in this experiment, the threshold energy value for supercontinuum generation of 300 nJ corresponds to a peak power of 4.9 MW, roughly consistent with the 4.3 MW critical power for self-focusing in fused silica. 8, 18 For pulse energies below the energy corresponding to the critical power, the effects of self-focusing can be taken into account and the focused spot size can be reliably predicted, 25 yielding the following relation between pulse energy, intensity, and NA:
.
͑1͒
Using the critical power P crit = 4.9 MW obtained above, we can fit this expression to the three damage threshold data points with NAϾ 0.10 using the intensity as a fitting parameter. The result is shown in Fig. 4 , and yields a threshold of 1.0ϫ 10 18 W/m 2 (67 kJ/ m 2 peak fluence), consistent with the breakdown intensities reported for other transparent materials of similar bandgap. 2, 18, 19, [26] [27] [28] The fit becomes inaccurate as the threshold energy approaches the energy associated with the critical power and the assumption of weak self-focusing is no longer valid. Figure 5 shows the scattering of He-Ne laser light due to bulk damage as a function of incident pulse energy for three different NAs. As can be seen for 0.45 NA, there is a sharp energy damage threshold, indicated by the abrupt linear increase in the scattered signal. We do not observe such a sharp threshold at NAs below 0.1; instead the scattering intensity gradually increases as the pulse energy is increased (see, e.g., the data for 0.035 NA in Fig. 5) . The sharp threshold exhibited in the high NA regime (0.25 NA or greater) is generally associated with the onset of multiphoton ionization. 3, [18] [19] [20] 27, 29 Our data therefore suggest that the damage observed at NAs above 0.1 are due to multiphoton ionization of the material at the focus. The gradual increase in scattering observed below 0.1 NA suggests that a different mechanism is at play at these lower NAs.
Previous work has shown that at a high NA (0.65 to 1.4 NA) and pulse energies near the damage threshold, the extent of the damage is found to be roughly equal in size to the focal volume. 30 At energies significantly above threshold, the threshold intensity for damage is reached early in the pulse, as the leading edge reaches the focus. However, the more intense regions of the pulse produce above-threshold intensities in front of the focus, where the spot size is larger, resulting in a cone-shaped damage area. 30 We used side-view optical microscopy to confirm that damage was confined to the bulk and to determine if there is any change in the damage morphology as the NA is lowered. To this end we polished two opposite thin sides of a 1.5 mm thick, 25 mmϫ 25 mm square sample of fused silica and exposed the sample with the polished edges normal to the incident beam at NAs ranging from 0.019 to 0.25 and energies from threshold to nearly ten times threshold. Because the damage generated at a low shot number does not yield significant changes in the index of refraction, each spot was exposed to 10,000 pulses. In all cases, the damage is confined to the bulk; we did not observe any surface damage.
As in the previous study, our results showed that in the high NA regime the structures produced in the bulk near the energy threshold match the confocal parameter in length, but for low NAs the structures are shorter than the confocal parameter. Figure 6 shows representative optical microscope images of the 10,000-pulse damage in the medium and low NA regime. At 0.055 NA the confocal parameter is 255 m, but the structures produced near the threshold energy extend for only 130 m [ Fig. 6(a) ]. As the NA is reduced, the discrepancy between the confocal parameter and the length of the structure increases. At 0.033 NA the structures begin to include the conical region in front of the focus [ Fig. 6(b) ]. Including this conical region the observable structure is only about 230 m long, while the confocal parameter is about 700 m. At 0.023 NA, the confocal parameter is 1.4 mm, but the structure length near the threshold is only 290 m long. At 0.019 NA the damage structures break up into two disconnected regions [see Fig. 6(c) ], but the overall length of the structures is still much shorter than the confocal parameter.
In the low NA regime, the damage structures break up as the energy is increased to several times the energy threshold. For example, at 0.033 NA the single, coneshaped damage structure seen in Fig. 6 (b) breaks up into two regions similar to those seen in Fig. 6(c) when the energy is increased to four times the energy threshold. The region closest to the source is still cone shaped; the second region is located farther away from the source and is line shaped. The breaking up of the damage structures thus depends not only on the focusing conditions, but also on the laser energy.
We also investigated the dependence of the damage morphology on the number of laser pulses. To this end we made a series of damage structures at 0.020 NA and three times the energy threshold varying the number of laser pulses. At 1000 pulses two zones of damage are visible and at 5000 pulses a third zone becomes visible downstream. As more pulses accumulate, the three zones become more clearly visible [see Fig. 6(d) ].
DISCUSSION
Our results indicate that the interaction of femtosecond laser pulses with transparent materials falls into three Fig. 5 . Dependence of the He-Ne laser scattering signal on pulse energy and NA. For each data point the scattering intensity was determined after accumulating 5000 pulses on a single spot in the sample. regimes, depending on NA. For NAs larger than 0.25, we observe bulk damage above a certain pulse energy threshold but never any supercontinuum. In the range from 0.15 to 0.05 NA, we observe supercontinuum generation but multiple shots show the accumulation of bulk damage, causing the supercontinuum to disappear over time. Finally, below 0.05 NA, it is possible to damage the bulk, but only at energies significantly above the threshold for supercontinuum generation.
In the high-NA regime, the laser pulse energy at the damage threshold is not high enough to reach the critical power for self-focusing, and hence the external focusing dominates. The beam converges rapidly, producing intensities around 10 18 W/m 2 and creating a carrier density of approximately 10 27 m −3 via nonlinear absorption. 3 Most of the pulse energy is thus deposited into the material at the focal volume either through nonlinear absorption or subsequent linear absorption by the plasma, resulting in bulk damage. What is left of the pulse quickly diverges after the focus. Because the pulse does not propagate at high intensity for an appreciable distance there is no interaction length over which self-phase modulation can accumulate or an optical shock can form and so no supercontinuum is generated. 14 Even at pulse energies exceeding the critical power we observe no supercontinuum. The absorption of energy at the focus prevents the subsequent recollapse of the pulse via self-focusing. Indeed, a previous study 18 confirmed that when 3 J, 110 fs pulses are focused into fused silica at 0.65 NA, the energy remaining in the pulse after propagation through the focus is always below the critical power at that pulse width.
At low NA, self-focusing increases the pulse intensity as it propagates through the sample. The increasing intensity creates a low-density electron plasma ͑10 24 m −3 ͒ that counteracts self-focusing, 8, 14, 15 prevents the formation of a critical density plasma, and prevents single-shot damage at energies available in our experiments. Supercontinuum is generated by the accumulation of self-phase modulation, self-steepening, and space-time focusing while the pulse propagates as a filament. 14, 31, 32 As the NA is increased, the confocal parameter becomes smaller, yielding a shorter interaction length and therefore less blue-broadening.
The NA regime simply represents the transition between these two extremes. As the NA is decreased and the focused spot size increases, more energy is required to reach the breakdown intensity, bringing the pulse closer to or above the critical power for self-focusing. The more that self-focusing dominates the effects of the external focusing (NA), the closer the interaction moves toward the low-NA regime.
The optical microscopy images in Fig. 6 and the scattering intensity data suggest that the damage mechanism is different in the low-and high-NA regimes. The low-NA damage shows filaments that are much shorter than the confocal parameter of the external focusing. Also, there is no sharp energy threshold for damage at low NA (Fig. 5) . It is possible that the supercontinuum that occurs at low NA causes color center formation or densification. Indeed, the formation of color centers was observed in the bulk of some silicate glasses under weakly focused femtosecond irradiation. 33 This color center formation was attributed to the linear and two-photon absorption of the blue edge of the supercontinuuim. 33 Additionally, ultraviolet radiation is known to cause densification of silica 34 and is widely used in the writing of fiber Bragg gratings. 35 At a high NA, on the other hand, the damage mechanism can be attributed to a combination of multiphoton absorption and avalanche ionization. 3, [18] [19] [20] 27, 29 The breaking up of the damage structures shown in Figs. 6(c) and 6(d) can be attributed to the refocusing of femtosecond pulses in fused silica. Refocusing of femtosecond beams has been modeled 36, 37 and observed in air 38 and liquids 39 and imaged by plasma emission in solids at high 40 and low 41 NAs. The multiple zones of damage we observe at a low NA are consistent with the observed plasma emission due to refocusing of femtosecond laser beams in fused silica. 41 In conclusion, we studied the role of the NA of the external focusing in the interaction of femtosecond laser pulses with transparent materials. At a high NA (above 0.25 NA), single-shot, catastrophic damage occurs, and no supercontinuum generation is observed. Below 0.15 NA we observe supercontinuum generation and damage at a threshold significantly above the threshold for supercontinuum generation. Bulk micromachining is only practical for NAs of 0.25 NA and above, where self-focusing effects are minimal and spot size and focal position can be accurately predicted and controlled. Further, as the NA is increased, the energy necessary to cause material modification decreases, minimizing collateral damage. While supercontinuum can be produced at any NA below 0.15 NA, the spectrum is broadest at the lowest NA. Also, at the lowest NA, the supercontinuum is produced well below the damage threshold. Below 0.05 NA we observe multiple refocusing of the femtosecond laser beam. The results presented in this paper show that the NA, a linear optical parameter which is independent of the laser parameters, controls the interaction of ultrashort laser pulses with transparent materials, a highly nonlinear process.
